The high rate of hepatitis C virus (HCV) infection among transfusion related risk groups such as patients with inherited bleeding disorders highlighting the investigation on prevalent subtypes and their epidemic history among this group. In this study, 166 new HCV NS5B sequences isolated from patients with inherited bleeding disorders together with 29 sequences related to hemophiliacs obtained from a previous study on diversity of HCV in Iran were analyzed. The most prevalent subtype was 1a (65%), followed by 3a (18.7%),1b (14.5%),4(1.2%) and 2k (0.6%). Subtypes 1a and 3a showed exponential expansion during the 20 th century. Whereas expansion of 3a started around 20 years earlier than 1a among the study patients, the epidemic growth of 1a revealed a delay of about 10 years compared with that found for this subtype in developed countries. Our results supported the view that the spread of 3a reached the plateau 10 years prior to the screening of blood donors for HCV. Rather, 1a reached the plateau when screening program was implemented. The differences observed in the epidemic behavior of HCV-1a and 3a may be associated with different transmission routes of two subtypes. Indeed, expansion of 1a was more commonly linked to blood transfusion, while 3a was more strongly associated to drug use and specially IDU after 1960. Our findings also showed HCV transmission through blood products has effectively been controlled from late 1990s. In conclusion, the implementation of strategies such as standard surveillance programs and subsiding antiviral treatments seems to be essential to both prevent new HCV infections and to decline the current and future HCV disease among Iranian patients with inherited bleeding disorders.
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Introduction
The history of blood transfusion in Iran dates back to the 1940s. However, in 1952, a blood transfusion center was founded by the former "Red Lion and Sun Society" (later named the Red Crescent Society) [1] . In 1961, this Society started providing locally single blood donor products. At the same time, a military blood bank was also established [2] . Up to the late 1960s, all of these centers relied exclusively upon paid donors, most of them were drug-addicted. The Iranian Blood Transfusion Organization (IBTO) was formally established in 1974, through which all blood transfusion activities were centralized including donor recruitment, production of blood components, and delivery of blood and blood products [3] . Although blood units in Iran were screened for common infectious agents, HCV screening started from 1996. Over the period of 1970 to 1986, the majority of patients with hemophilia were treated with locally provided fresh frozen plasma and cryoprecipitate. However, a small proportion of these patients were sometimes receiving untreated factor concentrates. Non-virally inactivated factor concentrates were only produced between 1994 and 1997 in Iran [4] .
Several reports on Iranian patients with inherited bleeding disorders have used Inno Lipa assay or genotype specific primers to determine HCV genotypes and subtypes [5, 6] . These methods do not often provide accurate information at the subtype level. However, studies using direct DNA sequencing and phylogenetic analysis based on HCV genomic regions with suitable variability such as NS5B and core further provided a definitive genetic classification [7] .
In recent years, molecular epidemiological methods are used to estimate the epidemic history of HCV in some countries [8] [9] [10] . These methods were mostly based on coalescent theory and Bayesian Skyline Plot (BSP) can reconstruct the past transmission history and population dynamics of HCV subtypes from viral gene sequences. Analysis of these data can indicate which subtypes are growing in an exponential or constant rate and may shed light on their future incidence in the study populations. Furthermore, these analyses may also have important clinical implications particularly in HCV treatment and effective strategies to prevent the spread of HCV infection.
The present study aims to both determine the HCV genotype distribution among Iranian patients with inherited bleeding disorders based on sequencing of NS5B region followed by phylogenetic analysis and to conduct a molecular study on these NS5B sequence data. Our results revealed a history of epidemic spread of these isolates within this high risk group. They also supported an evidence for the plausible role of new transmission networks in exponential growth of subtypes1a and 3a during the 20 th century in these patients.
Material and Methods

Study Patients
A total of 229 anti-HCV positive serum samples were collected from patients with inherited bleeding disorders at a major referral clinic in Tehran. For all subjects, demographic, laboratory and clinical features for HCV infection were obtained via questionnaire and patient profile. All patients or their parents (in the case of pediatric subjects) signed an informed consent before sampling. The study protocol was approved by ethical committee in Tehran University of Medical Sciences in accordance with the Helsinki Declaration. These subjects included 215 males and 14 females with the mean age 30.6 ± 10.59 years (median 28; range 13-70). The highest rate of these patients was observed in the 21-to 30-year age group. Among the participants, 69% had hemophilia A, 12.6% hemophilia B, and 18.4% other inherited bleeding disorders. While, one hundred and sixty (59.4%) of these subjects had severe hemophilia disease, 66 (28.8%) had non-severe disease. For 27(11.8%) of these patients severity of disease was unknown. The majority (n = 225, 98.3%) of the study patients were negative for HBsAg. The mean duration of treatment (the time of first transfusion with blood products up to the time of sampling) was 300.23 ± 101.95 months. Fifty one (23.7%) males and one (7.1%) female had normal SGPT levels ( 30 U/L and 20 U/L for males and females, respectively). Among the participants, 221 (96.5%) started receiving blood or blood products before 1996 (the year of implementation of blood donor screening for HCV in Iran) and the remaining 8 (3.5%) after 1996. These patients were mainly treated with clotting factor concentrates (n = 202, 88%), cryoprecipitate (n = 187, 81.7%), fresh frozen plasma (n = 154, 67.2%) and packed cell (n = 101, 44.1%). All patients were negative for HIV.
RNA Extraction and PCR
HCV RNA was extracted from 140μl of each serum sample using the QIAmp viral RNA extraction Kit (QIAGEN, Valencia, CA) according to the manufacturer's protocol. HCV RNA sequences were amplified within the NS5B region forming a 377 bp product using the QIA-GEN One
Step RT-PCR Kit. The NS5B amplicons were purified from the PCR reaction by a PCR Purification Kit (QIAGEN) and then sequenced directly (Eurofins MWG Operon, Germany).
Sequence Data
We included 29 partial NS5B HCV sequences from hemophilia patients, which were obtained from a previous report of HCV diversity in Iran [11] . These sequences were aligned with the newly 166 generated sequences from patients with inherited bleeding disorders. In total, the resulting NS5B alignment contained 195 sequences.
Nucleotide sequence accession numbers
The Gene Bank accession numbers of the 166 new HCV sequences from patients with inherited bleeding disorders are KC351575 to KC351742.
Phylogenetic analysis
167 reference sequences of NS5B gene related to the three major HCV subtypes including 1a,1b and 3a, were downloaded from GenBank and aligned using ClustalX 2.1 along with our sequences obtained in this study. For each subtype sequences, the most appropriate nucleotide substitution model was selected using JModelTest -2.1.4, assessed by the Akaike Information Criterion [12, 13] . While HKY+Г+I was the best-fitting model for both subtypes 1a and 1b, TrN93+Г+I was found to be the best model for subtype 3a. The phylogenetic tree of each subtype sequences was constructed by the maximum likelihood methodology with PhyML 3.0 [14, 15] . To assess the reliability of the phylogenetic trees, boot strap resampling tests were carried out in 1000 replications. The trees were prepared for publication using Fig 
Evolutionary analysis of NS5B data set in Iranian patients with inherited bleeding disorders
Three phylogenetic trees containing clusters with high bootstrap values were construced. In addition, five clusters were analysed, including cluster A and B which contain 90 and 5 subtype 1a sequences, respectively, cluster C which contains 14 subtype 1b sequences, and cluster D and E which contain 11 and 8 subtype 3a sequences, respectively. For these clusters, evolutionary parameters, time to Most Recent Common Ancestor (tMRCA) and population dynamics of infections were estimated using Bayesian Monte Carlo Markov Chain Method (BMCMC) as implemented in the BEAST software, version 1.8.0, (http://evolve.zoo.ox.ac.uk/beast/).
To analyze each cluster, the most appropriate nucleotide substitution model was used. This model was selected using jModel Test-2.1.4.
Moreover, different rate heterogeneity parameters were given to each codon position. There was insufficient temporal structure in the study sequences for the direct estimation of the nucleotide substutution rate. Thus, we used previously estimated substitution rates of NS5B [6, 16, 17] for all subtypes to generate results on the time scale of years. For subtypes 1a and 3a, the substitutions rate per site per year was 3.68 Ã 10 −4 while this rate for subtype 1b was 5 Ã 10 −4 .
These rates were used to define normally prior distribution when we were carrying out the analyses for each cluster.
The three clock models that use the Bayesian MCMC approach implemented in the program BEAST were applied to estimate posterior distributions of these rates. These models include 1-strict clock 2-relaxed clock with an uncorrelated lognormal distribution, and 3-relaxed clock with an uncorrelated exponential distribution [8, 9] . The strict and relaxed clock analyses were performed for each cluster and the best fitting model based on marginal likelihood was chosen.
The point estimations (median) and confidence intervals for evolutionary parameters such as rate heterogeneity parameter, transition/transversion rate ratio and nucleotide substitution rates were obtained by the BMCMC for runs of 15 000 000 states, sampled every 3000 states. The Effective Sample Size (ESS) and convergence of the sampling was then monitored using Tracer software version 1.6 (http://tree.bio.ed.ac.uk). For this long MCMC sampling, ESSs usually were higher than 300 for all parameters. In the case that ESSs were not large enough, we applied a longer MCMC sampling. Samples were also monitored visually to check for the stationarity in distribution.
Moreover, the demographic history and population dynamic of infections in the Iraninan HCV clusters were estimated using Bayesian Skyline Plot (BSP) as implemented in the program BEAST [10, 18] . The BSP provided estimations about the effective number of infections at every point in time back to MRCA, for clusters A, B, C, D, and E. Based on BSP results, the time intervals that effective number of infections had increased exponetially were identified. Then linear regression was used to estimate the viral exponetial growth rate from the BSP results. The coefficient of time in this linear regression was considered as the exponetial growth rate.
Results
Detection of HCV RNA and genotyping
Out of 229 positive samples for HCV antibody, 175(76.5%) had detectable HCV RNA. Among 175 positive samples for NS5B region, 166 were genotyped by sequencing. Subtype1a, 3a, and1b were predominant accounting for 65% (n = 108), 18.7% (n = 31), and 14.5% (n = 24), respectively. However, type 4 and subtype 2k were the least frequent accounting for 1.2% (n = 2) and 0.6% (n = 1), respectively.
Phylogenetic analysis
Figs 1, 2 and 3 show the maximum likelihood phylogenies estimated from the NS5B gene sequences including 166 sequences isolated from patients with inherited bleeding disorders in this study, 29 sequences obtained from Iranian hemophiliacs from a previous report and 167 reference sequences.
Out of 120 subtype 1a sequences, the 90(75%) strains formed cluster A where non-Iranian reference strains were not observed in this cluster (Fig 1A) . Twenty five (20.8%) of the remaining subtype 1a strains were older than those of cluster A. The lower prevalence of the older strains compared to cluster A strains suggests that the proportion of older sequences has not grown through time and most of HCV-1a strains obtained from the study patients appear to introduce to Iran in a specific period of time in the past. Only five out of 25 old strains formed the cluster B (Fig 1B) and the rest 20(16.6%) distributed among the reference sequences from other countries. Although this rate (16.6%) is much lower than that of the subtype 1b and 3a sequences, it suggests multiple sporadic introductions of subtype 1a strains into our study patients from other countries. The bootstrap values for cluster A and B were 80% and 82%, respectively. The phylogenetic analysis of subtype 1b is shown in Fig 2. As indicated, 14 out of the 28 subtype 1b sequences formed cluster C together with Iranian reference strains and did not include reference sequence from any other country (Fig 2A) . This cluster was branched from one of the oldest nodes in the phylogenetic tree. The remaining 14 subtype 1b strains dispersed among the reference sequences from other countries and have introduced to Iran more recently, suggesting that these sequences may have various origins compared to those of cluster C.
Forty one strains of patients with inherited bleeding disorders belonged to subtype 3a and within this subtype two clusters could be identified (clusters D and E) as shown in Fig 3. Cluster D was formed by 11 strains from patients with inherited bleeding disorders and 4 strains from Iranian reference sequences (Fig 3A) . Eighteen other strains formed cluster E together with one isolate (Ay653960TD) from our Iranian reference sequences (Fig 3B) . These two clusters were constructed with bootstrap values of 75% for cluster D and 100% for E. The remaining subtype 3a sequences were randomly intermixed with other reference 3a sequences. Most of these references were from other countries. Phylogenetic tree of subtype 3a indicates that strains of cluster E are older than cluster D.
Evolutionary analysis of NS5B data set in Iranian patients with inherited bleeding disorders
The estimates of substitution rate parameters and population dynamics in four clusters were performed in BEAST under three molecular clock models [10, 19] . For each model, both BSPs with 5 and 10 steps were used.
These models were applied as (A) a strict clock with BSP of 5 steps, (B) a strict clock with BSP of 10 steps, (C) a log normal relaxed clock with BSP of 5 steps, (D) a log normal relaxed clock with BSP of 10 steps, (E) a gamma relaxed clock with BSP of 5 steps, and (F) a gamma relaxed clock with BSP of 10 steps.
The estimated marginal likelihood of each model is shown in Fig 4. For clusters C, D, and E, the model A had higher marginal likelihood than the other models, although the difference found, was not significant (log 10 bayes factor, <0.5) (Fig 4B, 4C and 4D ). For this clock model, the BSP with 5 steps favored over the BSP with 10 steps. The six models in Fig 4b also showed the median estimates for the age of HCV subtype 1b which was dated to~263 to 283 years ago. The models in Fig 4C and 4D gave median estimates for the two clusters of subtype 3a which were dated to~73 to 98 and~138 to 188 years ago, respectively.
For cluster A, the model F had significantly greater marginal likelihood than the remaining models (log 10 Bayes factors of > 3.5) (Fig 4A) . However, there was no significant difference in marginal likelihood between model E and F. For clock model F, the BSP with 10 steps was favored over the BSP with 5 steps. Thus, models F and A were found to be the most appropriate models for evolutionary analysis of NS5B data set in Iranian patients with inherited bleeding disorders. The age of subtype 1a was dated to~34 to 49 years ago based on the median estimates as indicated by models A to F (Fig 4A) . The 95% credible intervals for these estimates in cluster A was small ranging from 29 years to nearly 56 years ago and in cluster C was larger ranging from 233 years to 333 years ago. These values for subtype 3a in cluster E were ranging from 33 years to nearly 363 years ago which was larger than that of cluster D with a range from 31 years to 185 years ago. Our estimates of the age of isolates in four clusters showed that subtype 3a strains in cluster E were the oldest and 1a strains in cluster A were the youngest HCV isolates among Iranian patients with inherited bleeding disorders, suggesting the greater diversity of isolates in cluster E compared with the strains of other clusters, particularly cluster A.
Five clusters A, B, C, D, and E were analyzed using BSP (Fig 5) . As indicated for cluster A, the effective number of infections increased at a rapid exponential rate between 1970 and 1990 (mean exponential growth rate = 0.31 per year) (Figs 5A and 6A) . The exponential growth of this cluster led to an approximate 43.5-fold increase in the effective number of infection compared to cluster B strains. The current effective population size of cluster A was higher than those of other clusters (Table 1 ). This finding is in accordance with the reports that show subtype 1a is the most prevalent type among Iranian patients with inherited bleeding disorders [5, 6] ( Fig 6C) . This cluster strains had a significantly older common ancestor compared to other clusters (Table 1) . Our results suggest that the most recent ancestor of HCV subtype 1b among Iranian patients with inherited bleeding disorders existed around 300 years ago. Cluster D and E showed a population dynamic history in which the virus initially increased approximately exponentially from about 1950 to 1985 after which the growth rate slowed considerably in both clusters (Fig 5D and 5E) . The mean exponential growth rates for clusters D and E were 0.10 and 0.11, respectively (Fig 6D and 6E) . The estimated date of MRCA for cluster E was 1826 while this date for cluster D was 1922 ( Table 1 ). The older common ancestor for cluster E is likely to contain fewer samples and more divergent strains than cluster D.
Discussion
The present study provides the first comprehensive phylogenetic analysis on HCV subtypes distribution among Iranian patients with inherited bleeding disorders. Prevalence and distribution of HCV subtypes among these patients were both different from IDUs but similar to the other transfusion related risk groups such as thalassemia and dialysis patients [5, 11, 20, 21] . The predominant subtype in IDUs has been reported to be 3a and the most prevalent subtype among the three transfusion risk groups has been found to be 1a that indicate the common routes of HCV transmission. Except for a limited number of hemophilia patients who had occasionally received untreated factor concentrates manufactured in European countries, all transfusion related risk groups in Iran have been treated with locally provided blood and blood products [4] .
Moreover, the molecular analysis of the samples collected from patients with inherited bleeding disorders provided a picture of HCV epidemic history among these patients. Most of the samples analyzed belonged to subtypes 1a, followed by 3a. The rise of syringe availability, unsafe therapeutic injection, and increase in transfusion of blood and blood products (from the 1940s to the late 1990) coincide with the epidemic growth observed in both subtypes (1a and 3a) in this population. The increased number of opium using population (from 1940s to the mid 1950s) as well as the introduction of injection drug use in the 1960s in Iran are also highlighted in this phenomena [22, 23] . The higher growth rate of subtype 1a compared to 3a suggests the different efficiency of transmission routes. Indeed, the massive increase in parenteral iatrogenic procedures and drug use appears to have had strong impact in the expansion of HCV-1a and HCV-3a, respectively. These results are consistent with the previous reports from Iran that indicate the most prevalent HCV subtypes among transfusion related risk groups and injection drug users [5, 20, 24] .
The highest current effective number of infection observed in the BSP analysis for HCV-1a support the view that this type is the youngest subtype among Iranian patients with inherited bleeding disorders. The time of the most recent common ancestor for subtype 1a strains was estimated to be 1930 (1910-1950) , which is in line with the evidence obtained from molecular studies indicating the subtype 1a epidemic growth started~100 years ago [25] . The reconstructed epidemic histories also showed a period of exponential growth between 1970 and 1990 among patients with inherited bleeding disorders. Although this period seems to be delayed one decade compared with the time of HCV-1a desperation in developed countries, this finding is in accordance with the studies that show subtype 1a has probably expanded from the developed nations to the developing countries [16, 17] . It is tempting to speculate that this subtype rapidly diffused to the Iranian general population through modern contact network such as specific iatrogenic procedures and injection drug use. Afterward, local epidemics among Iranian patients with inherited bleeding disorders were further established through donating infected blood by HCV-1a infected individuals or drug users particularly IDUs. Our analysis suggests that the exponential expansion of HCV-1a reached a plateau around 1996, which coincides with the implementation of anti-HCV screening and the use of virally inactivated factor concentrates. This finding is in agreement with studies reporting a sharp decline in the incidence of new HCV infections among hemophiliacs in Iran after 1996 [26] . The epidemic growth for subtype 3a from 1950s among patients with inherited bleeding disorders probably coincided with a very high opium using population and unsafe therapeutic injections such as blood transfusion. Several studies have reported that in 1940s, the number of opium addict was around one and half million, considering the total population of 14 million [22] . This trend continued till 1955. In fact, it was in the mid 20 th century that opium became a serious concern in Iran, with one of the highest opium using population in the world [27] . Various reports indicate that non-IDU have had a higher prevalence of HCV than the general population. This prevalence was 10-20% in Europe, 5-30% in USA, 10.2% in Japan, and 35.1% in Brazil [28] [29] [30] [31] . In Iran, the rate of HCV infection among non-IDUs outside and inside of prison was 8.2% and 29.1-36.7%, respectively [32] [33] [34] .
It is more likely that subtype 3a could disseminate through drug use among Iranian general population. The beginning of subtype 3a epidemic growth among Iranian patients with inherited bleeding disorders coincided with the establishment of blood transfusion service in 1952. However, this epidemic growth kept sustained by IDU and infected blood products. In 1960, with introduction of new mode of drug administration (IDU) into Iran, the incidence of HCV3a infection among drug users most likely increased [23] . In 1961, Red Lion and Sun Society started locally providing single blood donor products for hemophilia patients and the trend of exponential growth of this subtype maintained due to the transfusion blood and blood products provided by blood sellers that most of them were drug addict [1] . The exponential expansion of HCV-3a reached a plateau around 1985, which preceded that of subtype 1a by approximately 10 years. This finding suggests that subtype 3a has stronger link to IDU than subtype 1a. Indeed, it appears that decline in the level of drug use due to the first severe antidrug campaign between 1980 and 1986 following the 1979 revolution led subtype 3a to reach a plateau [35] . However, at the beginning of the 1990s, the trend of this decline stopped and the rate of drug use reversed to its previous level in the early 1990s before reincreasing more rapidly from 1995. Since this time coincided with the screening of the blood donors for HCV, the effect of this rapid increase in the level of drug use, especially IDU, are not observed in data presented in this study.
Our results also showed that despite a decline in the level of drug use in the 1980s, the exponential growth of subtype 1a did not reach a plateau. This finding suggests that exponential increase in HCV-1a infection had stronger link to non-IDU transmission such as transfusion of blood and blood products. As such, HCV-1a continued its exponential increase up to 1996 when blood screening for HCV was implemented. This finding is in line with the reports that indicate HCV-1a is the most prevalent type in transfusion-related risk groups and subtype 3a is the most predominant type among IDUs in Iran.
Moreover, our finding suggests that the most recent ancestor of subtype 1b among patients with inherited bleeding disorders existed around 300 years ago. The epidemiological surveys show that the global spread of subtype 1b is largely due to its transmission through hemodialysis, blood transfusion and blood products [24] . This observation corroborates reports from Iran that indicate HCV-1b prevalence is much greater in transfusion related risk groups such as patients with hemophilia (14.4%),thalassemia (15%) and dialysis (6.9%) than that of IDUs (0.9%) [5, 11, 20, 21] .
Subtype 1b is most likely to exist among Iranian general population in the past and transmitted by a variety of undefined social and domestic modes although its transmission has been more commonly associated with infected blood and blood products from~1945 to~1996. During the last century, HCV-1b growth rate (0.01) was considerably lower than those of HCV-1a (0.31) and 3a (0.1), which reinforces a consistent and low exponential rate for subtype 1b in
